Abstract Nanocrystalline powders of ZnO, a-Fe 2 O 3 and ZnFe 2 O 4 /ZnO were prepared by solution combustion method. The characterization of the nano powders was done by powder X-ray diffraction (PXRD), Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). The ZnO and a-Fe 2 O 3 nanopowders exhibited the wurtzite and hexagonal phases, respectively. The PXRD pattern of ZnFe 2 O 4 /ZnO indicated the spinel phase of zinc ferrite and wurtzite phase of zinc oxide. The three nanopowders were used as photocatalysts for the removal of the azodye brilliant yellow (BY) from its aqueous solution. A comparison of the results indicated that ZnFe 2 O 4 /ZnO showed better photocatalytic activity for the removal of BY than ZnO and a-Fe 2 O 3 . This was attributed to the synergistic effect between ZnFe 2 O 4 and ZnO resulting in better charge separation and reducing the electron-hole recombination. The photocatalytic activity followed the order: ZnO \ a-Fe 2 O 3 \ ZnFe 2 O 4 /ZnO.
Introduction
The world is facing the problem of proper disposal of various products and by-products of dye industries. Dyes are used in industries such as textile, pulp and paper mills, leather, food and plastic industries, printing and publication, etc. Around 10,000 different commercial dyes and pigments exist. It has been reported that about 10-15 % of these dyes are released into the water after the dyeing process (Wanchanthuek and Nunrung 2011) . These dyes are considered to be toxic and carcinogenic in nature. The presence of dyes in the effluents from textile, dyeing and printing industries leads to skin cancer due to photosensitization and photodynamic damage (Panwar et al. 2008) . The various physical and chemical processes that are employed for the removal of dyes particularly from textile effluents include precipitation, adsorption, air stripping, flocculation, reverse osmosis and ultrafiltration. These techniques are, however, nondestructive due to the fact that they only transfer the non-biodegradable matter into sludge giving rise to new type of pollution which needs further treatment (Kansal et al. 2007 ).
The use of semiconductor metal oxides as photocatalysts has attracted the attention of many researchers across the world. These semiconductors possess narrow band gap energies. These semiconductors when illuminated with visible or ultraviolet light produce electron-hole pairs. The electrons move to the conduction band whereas the holes reside in the valence band. However, the fast recombination of these electron-hole pairs limits the commercial applications of this technology. It is therefore, important to prevent the electron-hole recombination to increase the photon efficiencies of the photocatalysts. The use of coupled semiconductor materials as photocatalysts is an important development to resolve the issue. A number of studies related to the photocatalytic activity of these coupled semiconductor photocatalysts have been reported. Coupled Fe 2 O 3 /SnO 2 exhibited higher photocatalytic activity than pure Fe 2 O 3 and SnO 2 . The increase in photocatalytic activity was attributed to the synergistic effect on the specific adsorption property and efficient electron-hole separation at the Fe 2 O 3 /SnO 2 interface (Zhuang et al. 2008; Yu et al. 2003; Wang et al. 2002) .
The photocatalytic degradation of methyl orange using Bi 12 TiO 2 /SiO 2 /NiFe 2 O 4 in which SiO 2 served as a barrier between NiFe 2 O 4 and Bi 12 TiO 20 and inhibited the injection of charges from Bi 12 TiO 20 to NiFe 2 O 4 thus increasing the photocatalytic activity has been reported in literature (Xu et al. 2007 ). The photocatalytic activity of TiO 2 /CeO 2 , TiO 2 /WO 3 , TiO 2 /SnO 2 and ZnO/SnO 2 has also been reported (Zhongshen et al. 2009; Choi et al. 1994; Anpo and Takeuchi 2003; Zhang et al. 2010; Sakthivel and Kisch 2003) . The degradation of methylene blue using nano Cu 2 O/TiO 2 prepared by electrokinetic system was studied (Xiu and Zhang 2009 ). It was reported that the presence of Cu 2 O on the surface of TiO 2 leads to a remarkable increase in the photocatalytic activity. The synthesis of ZnO/MgO nanocomposite by solid-state mixing and sintering at high temperature in a reducing atmosphere was also reported. The mixed oxide systems were found to possess properties that neither of the individual metal oxides possessed (Chawla et al. 2008) . Coupling of two semiconductors with suitable band gap energies such as in CdS/TiO 2 , CdS/ZnO, TiO 2 /SnO 2 , CdSe/TiO 2 , etc., significantly improves the selectivity and enhances the charge separation yields (Jang et al. 2008; Kim et al. 2009; Liu et al. 2007; Shvalagin et al. 2007) . Core-shell a-Fe 2 O 3 /Fe 3 O 4 was used for the photocatalytic degradation of methyl orange (Yang et al. 2011) . Fe 2 O 3 /CeO 2 photocatalyst has been shown to effectively remove methylene blue and Congo red dyes (Gajendra and Parida 2010) .
Coupled semiconductor nanometal oxides such as ZnO/ TiO 2 , ZnO/SnO, ZnO/CO 3 O 4 , Zn 2 TiO 4 , ZnTiO 3 , TiO 2 / SnO 2 , etc., have been synthesized by various methods such as hydrothermal, chemical bath deposition, chemical vapor deposition, sol-gel and co-precipitation. However, many of these methods suffer from several drawbacks such as long reaction time, requirement of high reaction temperature, etc. Solution combustion synthesis is regarded as a versatile tool for the synthesis of nanocrystalline metal oxides (Chang et al. 2003; Zhang et al. 2007; Khorrami et al. 2011; Corrias Ennas et al. 2011 ).
The present study was focused on the preparation of nanocrystalline ZnO, a-Fe 2 O 3 and coupled nanocomposite ZnFe 2 O 4 /ZnO by solution combustion method. The three nanopowders were used as photocatalysts for the degradation of the azodye brilliant yellow (BY) under UV light irradiation. The effect of various parameters such as pH, dosage of the photocatalyst and irradiation time was also studied. Studies showed that the coupled nanocomposite ZnFe 2 O 4 /ZnO exhibited better photocatalytic efficiency than the individual metal oxides ZnO and a-Fe 2 O 3 .
Materials and methods

Preparation of the nanopowders
Zinc nitrate, ferric nitrate and BY were obtained from sd Fine Chemicals Limited. The fuel oxalyldihydrazide (ODH) was prepared by the method described elsewhere (Patil et al. 2008) . A 1,000 ppm stock solution of BY dye was prepared using double distilled water. The stock solution was appropriately diluted with distilled water to give solutions of concentration 10 ppm. All the reagents were of analytical grade and were used without purification. Double distilled water was used throughout the experiment.
Solution combustion synthesis involves the combustion of a fuel by an oxidizer which is usually a metal oxide. In a crystallizing dish of approximately 300 cm 3 capacity, appropriate amount of the metal nitrate was taken and dissolved in minimum amount of double distilled water followed by the addition of appropriate amount of the fuel. The mixture was stirred magnetically for about 10 min and the crystallizing dish was then placed on a hot plate to evaporate the excess water until a pasty mass was left. The crystallizing dish was then introduced into a muffle furnace maintained at about 350°C. It was observed that the mixture first dehydrated and then ignited at one spot thus initiating the combustion. The combustion process was found to be completed within a few min resulting in the formation of the nanopowder. The powder was then cooled to room temperature and ground well.
In the case of ZnO nanopowder, the oxidizer was zinc nitrate, Zn(NO 3 ) 2 Á6H 2 O whereas in the case of a-Fe 2 O 3 nanopowder, ferric nitrate, Fe(NO 3 ) 3 Á9H 2 O was used as the oxidizer. In the case of ZnFe 2 O 4 /ZnO nanopowder, a mixture zinc nitrate and ferric nitrate (Zn/Fe * 1.6) was used as the oxidizer.
The chemical reactions of the redox mixtures yielding the three nanopowders can be represented by Eqs. (1-3).
Characterization of the nanopowders
The phase purity and crystal structure of the three nanopowders were determined by powder X-ray diffraction (PXRD). The PXRD data was recorded using a Philips X'Pert pro X-ray diffractometer using Cu K a radiation (k = 1.5418 Å ) at 40 kV. The mean crystallite size of the nanopowders was calculated using Eq. 4 known as the Scherer's formula (Madhusudhana et al. 2012) .
where D is the mean crystallite size, k is a constant, k is the wavelength of the X-rays used, b is the full width at half maximum and h is the Bragg's angle. The various chemical groups present in the nanopowders were identified by Fourier transform infrared spectroscopy (FTIR). The FTIR spectra were recorded using PerkinElmer spectrometer (spectrum 1000) with KBr as reference.
The surface morphology of the nanopowders was determined by scanning electron microscopy (SEM). The SEM micrographs of the nanopowders were recorded using JEOL-2100F (Japan) scanning electron microscope.
Photocatalytic experiments
The molecular formula of BY is C 26 H 18 N 4 Na 2 O 8 S 2 . Chemically it is 2,2 0 -(1,2-ethenediyl)bis[5-[(4-hydroxyphenyl)azo]-benzene sulfonic acid disodium salt with molecular mass equal to 624.56. BY is an azo dye and its structure is shown in Fig. 1 . The absorption spectrum of the dye is shown in Fig. 2 . The maximum absorbance was observed at 405 nm. The potential health effects of BY include irritation of the eyes and skin. Ingestion of the dye causes gastrointestinal irritation with nausea, vomiting and diarrhea. Inhalation causes irritation of the respiratory tract. Prolonged or repeated skin contact causes dermatitis.
Prior to photocatalytic experiments, studies were carried out separately to know the extent of adsorption of the dye by each of the three nanopowders in the dark. 50 cm 3 of the 10 ppm dye solution was transferred to the reaction vessel. 50 mg of the photocatalyst was added to it and the suspension was stirred magnetically in the dark for about 30 min. The solution was then centrifuged at 3,000 rpm for about 10 min using Remi C8C centrifuge and the UVvisible spectrum was recorded from 190 nm to 600 nm using ELICO SL-159 UV-visible spectrophotometer. It was found that in case of all the three nanopowders, there was negligible degradation of the dye under dark conditions.
The photocatalytic experiments were carried out in a reaction vessel of 500 cm 3 capacity with a circumference of 25.2 cm and an exposure area of 50.3 cm 2 . The source of UV light was a 25 W mercury vapor lamp. The distance between the surface of the solution and the mercury lamp was around 20 cm. 50 cm 3 of the dye solution was transferred into the reaction vessel and appropriate amount of the photocatalyst was added to it. The suspension was stirred magnetically in the dark for about 15 min to achieve adsorption-desorption equilibrium though there was negligible dye degradation in the dark. It was then exposed to UV light with constant stirring for about 30 min. It was then filtered and centrifuged at 3,000 rpm for about 10 min and the UV-visible spectrum was recorded as described earlier.
Effect of variable factors
The effect of pH on the photocatalytic degradation of the dye was studied by measuring the absorbance of the dye at various pH values ranging from pH 2 to 12. The effect of dosage of the nanopowder was studied by varying the amount of each of the nanopowder from 0.2 to 1.6 g L -1 . From the results it was observed that ZnFe 2 O 4 / ZnO nanopowder exhibited highest photocatalytic activity. The effect of irradiation time was, therefore, studied only for ZnFe 2 O 4 /ZnO.
To study the effect of irradiation time on the rate of photocatalytic degradation, 50 cm 3 of the dye solution was taken in the reaction vessel. Optimum amount of the ZnFe 2 O 4 /ZnO nanopowder was added to it and the suspension was stirred magnetically in the dark for about 15 min to achieve the adsorption-desorption equilibrium. The reaction vessel was then exposed to UV light with constant stirring of the suspension. After every 5 min, a small aliquot of the suspension was taken out, centrifuged, filtered and the UV-visible spectra were recorded for each aliquot. The experiment was performed for an irradiation time of up to 120 min.
Results and discussion
The PXRD patterns of the three nanopowders are shown in Fig. 3 JCPDS file number: 36-1451). It was, therefore, concluded that the compound is the coupled metal oxide ZnFe 2 O 4 /ZnO with both zinc ferrite and zinc oxide phases (Azadeh et al. 2011; Hua and Gengsheng 2009; Ping et al. 2011) . It can be considered to be a core shell-coupled nanocomposite with ZnFe 2 O 4 forming the core and ZnO the shell (Chaudhuri and Paria 2012) . All the three nanopowders exhibited high degree of crystallinity. No impurity peaks were detected in the PXRD patterns of all the three nanopowders.
The FTIR spectra of the three nanopowders are shown in Fig. 4 . The FTIR spectrum of the ZnO nanopowder shown in Fig. 4a shows only one significant peak at around 429 cm -1 that can be ascribed to the characteristic vibrational mode of Zn-O bond. The peaks at around 446 and 540 cm -1 in Fig. 4b can be ascribed to the characteristic vibrations of the Fe-O bond. The FTIR spectrum of ZnFe 2 O 4 /ZnO nanopowder is shown in Fig. 4c . The peak due to Zn-O bond was shifted to around 352 cm -1 whereas the peaks due to Fe-O bond were shifted to around 416 and 542 cm -1 . The shift in the peaks of Zn-O peak and the Fe-O may be attributed to the change in particle size and hence the metal ion-oxygen bond distances (Thomas and George 2009; Ladgaonkar et al. 2002) . The peaks at around 3400-3500 cm -1 in the FTIR spectra can be ascribed to the -OH group of water adsorbed on the surface of the nanopowders (Sumetha 2008; Darezereshki 2011) .
The SEM micrograph of the ZnO nanopowder is shown in Fig. 5a . The particles are nearly spherical, agglomerated and dumbbell in shape. It is also observed that the powdered products are voluminous, porous and weakly agglomerated. The SEM micrograph of the a-Fe 2 O 3 nanopowder is shown in Fig. 5b . The particles are agglomerated and have irregular shape with a large number of voids. The SEM micrograph of ZnFe 2 O 4 /ZnO nanopowder shown in Fig. 5c shows that the particles have flake-like morphology and high degree of porosity. In solution combustion synthesis, the morphological characteristics of the prepared powders are strongly dependent on the heat and gases generated during the complex decomposition. Large volumes of gases facilitate the formation of tiny particles while the heat released is an important factor for crystal growth. The porosity is high in the case of ZnFe 2 O 4 /ZnO compared to ZnO and a-Fe 2 O 3 nanopowder. This can be attributed to the liberation of comparatively large volumes of gases during the formation of ZnFe 2 O 4 /ZnO nanopowder than in the case of the latter two. The agglomeration of the nanoparticles is usually considered as a common way to minimize their surface free energy (Jahagirdar et al. 2011; Zou et al. 1997) .
The effect of pH on the photocatalytic degradation of BY is shown in Fig. 6 . The maximum degradation was observed at pH 8.5. Hence the optimum pH was selected as 8.5.
The effect of dosage of the nanopowders on the rate of photocatalytic degradation is shown in Fig. 7 . From Fig. 7 , it can be concluded that the rate of photocatalytic degradation increases with increase in the amount of the nanopowder. This is due to the fact that, an increase in the amount of nanopowder increases the number of active sites thus adsorbing more number of dye molecules on the surface. It was found that ZnFe 2 O 4 /ZnO nanocomposite exhibited maximum efficiency in the removal of BY followed by a-Fe 2 O 3 and ZnO. In the case of ZnFe 2 O 4 /ZnO, the optimum dosage was 1.2 g of the nanopowder per liter of the dye solution. respectively. A further increase in the amount of the nanopowder beyond 1.2 g L -1 in case of ZnFe 2 O 4 /ZnO resulted in negligible increase in photocatalytic degradation. This can be ascribed to the fact that at higher concentration of the nanopowder, scattering of the UV radiation occurs as well as the penetration of the radiation into the dye solution also gets reduced.
The degradation efficiency (%) of BY was calculated using Eq. 5 (Ibhadon et al. 2008 ).
Degradation efficiency
where C 0 and C e are the initial and equilibrium concentrations of the dye. The effect or irradiation time on the rate of photocatalytic degradation by ZnFe 2 O 4 /ZnO nanocomposite is shown in Fig. 8 . It was found that the maximum degradation of the dye occurred at 40 min of irradiation. Beyond this, the degradation was negligible. are promoted to its conduction band from where they are injected into the conduction band of ZnO. This results in a high concentration of electrons in the conduction band of ZnO. The holes generated in the valence band of ZnO move to the valence band of ZnFe 2 O 4 thus creating a high concentration of holes in it. This makes the charge separation more efficient and hence electrons and holes migrate to the surfaces of the respective particles and participate in the redox reactions around the surfaces as shown in Fig. 9 . This results in an improvement in the photocatalytic activity. Hence, it can be concluded that the presence of ZnO in ZnFe 2 O 4 /ZnO nanocomposite improves the photocatalytic activity mainly by increasing the electron hole separation. This type of interparticle charge transfer has also been reported in case of Nb 2 O 5 /SrNb 2 O 6 nanocomposite (Xing et al. 2008) .
Conclusions
ZnO, a-Fe 2 O 3 and ZnFe 2 O 4 /ZnO were successfully prepared by solution combustion method. The three nanometal oxides were used as photocatalysts for the removal of BY dye from its aqueous solution. A comparison of the results showed that the coupled nanocomposite ZnFe 2 O 4 /ZnO exhibited better photocatalytic efficiency for the removal of BY from aqueous solutions compared to ZnO and a-Fe 2 O 3 . The photocatalytic process was found to be dependent on pH of the dye solution, dosage of the photocatalyst and the irradiation time. ZnFe 2 O 4 /ZnO can be used for effective 
